Electronic Version 
Stylesheet Version vl.1.1 



Description 



Multiple-Input Multiple-Output Radio 
Transceiver 

Background of Invention 

[0001] This application is a continuation of U.S. Application No. 
10/065,388, filed October 11, 2002 (the entirety of which 
is incorporated herein by reference), which in turn claims 
priority to the following U.S. Provisional Patent Applica- 
tions (the entirety of each of which is incorporated herein 
by reference): 

[0002] Application No. 60/374,531, filed April 22, 2002; 

[0003] Application No. 60/376,722, filed April 29, 2002; 

[0004] Application No. 60/319,336, filed June 21, 2002; 

[0005] Application No. 60/319,360, filed June 27, 2002; and 

[0006] Application No. 60/319,434, filed July 30, 2002. 

[0007] The present invention relates to a multiple-input multi- 
ple-output (MIMO) radio transceiver. 



[0008] A primary goal of wireless communication system design 
is to use the available spectrum most efficiently. Examples 
of techniques to increase spectral efficiency include coded 
modulation techniques such as turbo codes and trellis- 
coded modulation, and multiple access techniques such 
as code division multiple access (CDMA). 

[0009] Yet another way to optimize spectral efficiency that has 
recently become popular in the academic community is 
the use of MIMO radio systems. MIMO radio communica- 
tion techniques have been proposed for use in, for exam- 
ple, 3G mobile telephone systems. However, prior efforts 
to exploit the benefits of a MIMO system have failed be- 
cause, among other reasons, a cost-effective MIMO radio 
could not be developed. 
Summary of Invention 

[0010] A MIMO radio transceiver is provided to support process- 
ing of multiple signals for simultaneous transmission via 
corresponding ones of a plurality of antennas and to sup- 
port receive processing of multiple signals detected by 
corresponding ones of the plurality of antennas. The 
MIMO radio transceiver is one that is suitable for a highly 
integrated and low cost fabrication. In addition, the radio 
transceiver can perform MIMO transmit and receive opera- 



tion in a portion of an RF band, up to substantially the en- 
tire RF band. Tlie multiple transmit and receive paths are 
particularly useful to support joint maximal ratio combin- 
ing techniques, also referred to herein as composite 
beamforming (CBF). 

[0011] The radio transceiver provides, on a single semiconductor 
integrated circuit, a receiver circuit or path for each of a 
plurality of antennas and a transmit circuit or path for 
each of the plurality of antennas. Each receive path down- 
converts the RF signal detected by its associated antenna 
to a baseband signal, using either a direct-conversion 
process or a super-heterodyne (multiple conversion) pro- 
cess. Similarly, each transmit circuit upconverts a base- 
band signal to be transmitted by an assigned antenna, us- 
ing either a direct up-conversion process or a multiple- 
stage conversion process. 

[0012] The multiple receive and transmit paths are integrated 

onto the same semiconductor integrated circuit. This pro- 
vides significant cost and space/area savings. One use of 
this type of radio transceiver is to receive and transmit 
signals that, at baseband, are processed using the afore- 
mentioned CBF techniques (whereby weighted compo- 
nents of a signal are sent via each of a plurality of anten- 



nas and received at the other device by one or more an- 
tennas) to enhance the link margin with another commu- 
nication device. In such an application, it is very important 
that each of the receive processing paths and each of the 
transmit processing paths be matched in terms of ampli- 
tude and phase response. Because the multiple receive 
and transmit paths are integrated into a single semicon- 
ductor die, the processing paths will inherently be better 
phase and amplitude matched, and any effects resulting 
from semiconductor integration will track among the pro- 
cessing paths. Moreover, any operational changes due to 
temperature variations will also better track among the 
processing paths because they are integrated into the 
same semiconductor integrated circuit. 

[0013] Low cost radio transceiver solutions are provided that, for 
example, do not require intermediate frequency (IF) filters, 
have power amplifiers integrated on the radio transceiver 
integrated circuit (IC), use one frequency synthesizer, and 
integrate various control switches for transmit/receive and 
band select operations. 

[0014] The above and other advantages will become more appar- 
ent with reference to the following description taken in 
conjunction with the accompanying drawings. 



Brief Description of Drawings 

[0015] FIG. 1 is a general block diagram of a radio transceiver 

having multiple processing paths for multiple-input mul- 
tiple-output (MIMO). 

[0016] FIG. 2 is a schematic diagram of a MIMO radio transceiver 
having a super-heterodyne architecture. 

[0017] FIG. 3 is a schematic diagram of a MIMO radio transceiver 
having a variable intermediate frequency architecture. 

[0018] FIG. 4 is a schematic diagram of a MIMO radio transceiver 
having a direct-conversion architecture. 

[0019] FIG. 5 is a schematic diagram of radio front-end section 
useful with a MIMO radio transceiver. 

[0020] FIGs. 6-8 are schematic diagrams showing alternative ra- 
dio front-end sections used with a MIMO radio 
transceiver. 

[0021] FIG. 9 is a schematic diagram of still another radio-front 
end useful in connection with two radio transceiver ICs in 
a single device to provide 4 transmit and receive paths. 

[0022] FIG. 10 is a schematic diagram of yet another radio front- 
end section useful in connection with a single radio 
transceiver IC that provides 4 transmit and receive paths. 

[0023] FIGs. 11 and 12 are diagrams showing how digital- 
to-analog converters and analog-to-digital converters 



may be shared in connection witli a M\MO radio 
transceiver. 

[0024] FIGs. 13 and 14 are diagrams showing how filters in the 

radio transceiver can be shared so as to reduce the area of 
an integrated circuit. 
Detailed Description 

[0025] FIG. 1 shows a blocl< diagram of a radio transceiver 10. 
The radio transceiver 10 is suitable for processing radio 
frequency signals detected by at least two antennas. The 
foregoing description is directed to an embodiment with 
two antennas 12 and 14, and an associated transmit and 
receive path for each, but this same architecture can be 
generalized to support in general N processing paths for 
N-antennas. This radio transceiver architecture is useful 
to support the aforementioned CBF techniques. CBF sys- 
tems and methods are described in U.S. Patent Application 
No. 10/164,728, filed June 19, 2002 entitled "System and 
Method for Antenna Diversity Scheme Using Joint Maximal 
Ratio Combining; "U.S. Patent Application No. 
10/174,689, filed June 19, 2002, entitled "System and 
Method for Antenna Diversity Using Equal Power Joint 
Maximal Ratio Combining;" and U.S. Patent Application 
No. 10/064,482, filed July 18, 2002 entitled "System and 



Method for Joint Maximal Ratio Combining Using Time- 
Domain Signal Processing." These co-pending and com- 
monly assigned patent applications all relate to optimiz- 
ing the received SNR at one communication based on the 
transmit vector used at the other communication device. 
[0026] One advantage of the technology described in the afore- 
mentioned patent application entitled "System and Method 
for Antenna Diversity Using Equal Gain Joint Maximal Ratio 
Combining" is that the output power required from each 
antenna path is reduced. Therefore, the size of the power 
amplifiers can be reduced, which reduces the overall 
semiconductor chip area of the IC, and makes it easier to 
isolate other RF circuitry on the IC from the power ampli- 
fiers. 

[0027] jhe radio transceiver 10 comprises a receiver and a trans- 
mitter. The receiver comprises receiver circuits 20 and 30. 
There is a receiver circuit or section 20 for antenna 12 
and a receive circuit or section 30 for antenna 14. Simi- 
larly, the transmitter comprises a transmit circuit 40 for 
antenna 12 and a transmit circuit 60 for antenna 14. Each 
receiver circuit 20 and 30 includes a downconverter 24, a 
variable lowpass filter 26 and a sample-and-hold circuit 
28. Each transmit circuit 40 and 60 includes a sample- 



and-hold circuit 42, a low pass filter 44, an upconverter 
46, a bandpass filter 48 and a power amplifier 50. The 
downconverters 24 may involve circuits to perform single- 
stage (direct) conversion to baseband or two-stage con- 
version to an intermediate frequency, then to baseband. 
Likewise, the upconverters 46 may upconvert directly to 
RF or to an intermediate frequency, then to RF. More spe- 
cific embodiments are described hereinafter in conjunc- 
tion with FIGs. 2-4. The lowpass filters 44 may be variable 
filters to accommodate transmission of signals in a vari- 
able bandwidth, similar to the variable bandwidth receiver 
operation. 

[0028] A front-end section 90 couples the radio transceiver 10 to 
antennas 12 and 14. There are switches 62 and 64 cou- 
pled to antennas 12 and 14, respectively. Switch 62 se- 
lects whether the output of the transmit circuit 60 or the 
input to the receiver circuit 20 is coupled to antenna 12. 
Switch 64 selects whether the output of the transmit cir- 
cuit 40 or the input of the receiver path 30 is coupled to 
antenna 14. There are bandpass filters 22 coupled to one 
switch terminal of the switches 62 and 64, respectively. In 
addition, there are lowpass filters 52 and 54 coupled be- 
tween the output of the power amplifiers 50 in each 



transmit circuit 40 and 60, and, the other switch terminal 
of the switches 62 and 64, associated with antennas 12 
and 14, respectively. 
[0029] The outputs of the sample-and-hold circuits 28 of re- 
ceiver circuits 20 and 30 are coupled to analog-to-digital 
converters (ADCs) 70 and 72, respectively. The inputs to 
the sample-and-hold circuits 42 in the transmit circuits 
40 and 60 are coupled to digital-to-analog converters 
(DACs) 80 and 82, respectively. The DACs 80 and 82 may 
receive as input first and second digital baseband transmit 
signals representing complex-weighted transmit signal 
components of a single baseband signal to be transmitted 
simultaneously from antennas 12 and 14. The first and 
second transmitter circuits 40 and 60 process the first 
and second analog baseband signals for transmission 
substantially simultaneously. Likewise, antennas 12 and 
14 may detect first and second receive signals, respec- 
tively, which are components of a single signal that was 
transmitted to transceiver 10. The first receiver circuit 20 
and the second receiver circuit 30 process the first and 
second receive signals substantially simultaneously to al- 
low for a weighted combining of the resulting digital 
baseband receive signals. 



[0030] An interface and control block 92 is provided that inter- 
faces the radio transceiver 10 with other components, 
such as a baseband processing section. For example, the 
interface and control block 92 receives a filter bandwidth 
control signal, a center frequency control signal, and 
switch control signals, all of which are used to control op- 
eration of certain components in the radio transceiver. Al- 
ternatively, the aforementioned signals may be sourced 
for a control processor or baseband section and coupled 
directly to pins that are tied to the appropriate compo- 
nents of the transceiver 10. 

[0031] The center frequency control signal controls the center 

frequency of the local oscillator signals used by the down- 
converters 24 in each receiver circuit 20 and 30 and of the 
upconverters 46 in each transmit circuit 40 and 60. In ad- 
dition, the filter bandwidth control signal controls the cut- 
off frequency of the variable lowpass filters 26 (and op- 
tionally the lowpass filters 44 as well) for receiving signals 
or transmitting signals of different bandwidths. The 
switch control signals control the position of the switches 
62 and 64 depending on whether the transceiver 100 is 
receiving or transmitting. 

[0032] One distinctive function of the radio transceiver 10 is to 



simultaneously receive and process signals detected by 
each antenna 12 and 14, in order to output first and sec- 
ond baseband receive signals that are combined appropri- 
ately using the aforementioned CBF techniques (in a base- 
band processor) to obtain a received signal. Conversely, 
the radio transceiver 10 simultaneously processes first 
and second baseband analog transmit signals 
(representing weighted components of a single transmit 
signal) and outputs them for transmission via antennas 12 
and 14, respectively. The radio transceiver 10 shown in 
FIG. 1 can be operated in a half-duplex mode or, if de- 
sired, a full-duplex mode. 
[0033] Moreover, the radio transceiver 10 may perform MIMO 

operation in a variable bandwidth. For example, the radio 
transceiver 10 may transmit or receive a signal in a single 
RF channel in a radio frequency band, such as a 20 MHz 
802.11 channel of the 2.4 GHz band. However, it may also 
perform MIMO operation to transmit or receive a signal in 
a wider bandwidth, such as a higher data rate signal or 
signals that occupy up to substantially an entire frequency 
band, such as 80 MHz of the 2.4 GHz band. The filter 
bandwidth control signal sets the cut-off frequency of the 
lowpass filters 26 in each receiver circuit 20 and 30 to 



lowpass filter the desired portion of RF bandwidtli. Tlie 
radio transceiver 10 also has a receive-only non-MIMO 
operation where the output of either receive path can be 
taken to sample any part or the entire RF band, by adjust- 
ing the lowpass filters 26 accordingly. This latter func- 
tionality is useful to obtain a sample of a RF band to per- 
form spectrum analysis of the RF band. As is explained in 
further detail in connection with FIGs. 13 and 14, the low- 
pass filters 44 in the transmitter may be eliminated and 
the variable lowpass filters 28 used for both received sig- 
nals and transmit signals. 
[0034] The large dotted box around the receiver circuits 20 and 
30 and the transmit circuits 40 and 60 is meant to indi- 
cate that all of these components, including the power 
amplifiers 50, may be implemented on a single semicon- 
ductor integrated circuit (IC). Other components may also 
be implemented on the IC as semiconductor and filter de- 
sign technology allows. The performance advantages 
achieved by integrating multiple transmit paths and mul- 
tiple receive paths on the same semiconductor are de- 
scribed above. 

[0035] FIGs. 2-4 show more specific examples of the MIMO radio 
transceiver shown in FIG. 1. FIG. 2 shows a dual-band ra- 



dio transceiver employing a super-heterodyne (two-stage) 
conversion arcliitecture. FIG. 3 shows a dual-band radio 
transceiver employing a walking intermediate frequency 
(IF) conversion architecture using only one frequency syn- 
thesizer. FIG. 4 shows a dual-band radio transceiver em- 
ploying a direct conversion (single-stage) architecture. 
FIG. 5 illustrates a radio-front end section that can be 
used with any of the radio transceivers shown in FIGs. 
2-4. 

[0036] vvith reference to FIG. 2 in conjunction with FIG. 5, radio 
transceiver 100 will be described. The radio transceiver 
100 shown in FIG. 2 is a super-heterodyne receiver that is 
capable of operating in two different frequency bands, 
such as, for example, the 2.4 GHz unlicensed band and 
one of the 5 GHz unlicensed bands. 

[0037] As shown in FIG. 5, the radio transceiver 100 is designed 
to be coupled to first and second antennas 102 and 104 
via a RF front end section 105 that includes transmit/re- 
ceive (T/R) switches 106 and 108, which couple to anten- 
nas 102 and 104, respectively. Each T/R switch 106 and 
108 has an antenna terminal to be coupled to its associ- 
ated antenna, a receive output terminal and a transmit in- 
put terminal and is responsive to T/R switch control sig- 



nals to select either the receive output terminal or the 
transmit input terminal, depending on whether the radio 
transceiver is transmitting or receiving. Also in the RF 
front end section 105 are band select switches 110, 112, 
114 and 116 that select the output of the antenna from 
switches 106 and 108 depending in which frequency band 
a signal is being transmitted or received. Band select 
switches 110 and 112 are receive band select switches, 
each of which has an input terminal coupled to the receive 
output terminals of the first and second T/R switches 106 
and 108, respectively, and a first output terminal coupled 
to the BPFs 120 and 124 respectively, and a second out- 
put terminal coupled to the BPFs 122 and 126 respec- 
tively. Band select switches 114 and 116 are transmit 
band select switches and each has first and second input 
terminals and an output terminal. The first input terminals 
of band select switches 114 and 116 are connected to 
LPFs 128 and 132, respectively, and the second input ter- 
minals of switches 115 and 116 are connected to LPFs 
130 and 134, respectively. The output terminals of 
switches 114 and 116 are coupled to the transmit input 
terminals of the first and second T/R switches 106 and 
108, respectively. 



[0038] Referring back to FIG. 2, on the receive side of tlie radio 
transceiver 100, there is a receiver comprising a receiver 
path or circuit 140 associated with signals detected by 
antenna 102 and a receiver path or circuit 170 associated 
with signals detected by antenna 104. On the transmit 
side, there is a transmitter comprising a transmit path or 
circuit 210 associated with antenna 102 and a transmit 
path or circuit 230 associated with antenna 104. Each of 
the receiver circuits 140 and 170 has two branches: a first 
branch to process a signal from a first radio frequency 
band, and a second branch to process a signal from a 
second radio frequency band. 

[0039] More specifically, each branch in the receiver circuits 140 
and 170 is coupled to a corresponding one of the band- 
pass filters 120, 122, 124 or 126 in the RF front end sec- 
tion 105 shown in FIG. 5. In a first branch of the receiver 
circuit 140, there is a low noise amplifier (LNA) 142 and 
an RF mixer 144 to downconvert an RF signal from a first 
radio frequency band (RFBl) to an intermediate frequency 
(IF). In a second branch of the receiver circuit 140 there is 
an LNA 152 and an RF mixer 154 that downconverts an RF 
signal from a second radio frequency band to IF. An IF fil- 
ter (IFF) 145 is coupled to the mixer 144 and to the mixer 



154, and on the output side of the IFF 145 is a variable 
amplifier 146, quad mixers 148 and 156 and a variable 
lowpass filters 150 and 158. A sample-and-hold circuit 
160 is coupled to variable lowpass filter 150 and a sam- 
ple-and-hold circuit 162 is coupled to variable lowpass 
filter 158. As will be described in more detail hereinafter, 
the first branch of receiver circuit 140 (consisting of LNA 
142 and mixer 144) processes a signal from a first RF 
band (RFBl) detected by antenna 102. The second branch 
of receiver circuit 140 (consisting of amplifier 152 and 
mixer 154) processes a signal from a second RF band 
(RFB2) detected by antenna 102. Only one of the branches 
of receiver circuit 140 is operating at any given time. As a 
result, the IFF 145 and the variable power amplifier 146 
can be shared by the branches (without the need for an 
additional switch) assuming the output impedance of the 
mixers 144 and 154 is high. The quad mixers 148 and 
156 generate an in-phase signal (I) and a quadrature- 
phase (Q) signal of the signal supplied to the input of the 
variable amplifier 146. Thus, to summarize, the receiver 
circuit 140 has a first downconverter consisting of an RF 
mixer (144 or 154, depending on what band branch is be- 
ing used) that down-mix a first receive signal detected by 



antenna 102 (FIG. 5) to an intermediate frequency signal, 
and quad mixers 148 and 156 that furtlier down-mix tlie 
intermediate frequency signal to I and Q baseband analog 
signals. 

[0040] The receiver circuit 170 has components 172 through 192 
that mirror those in the receiver circuit 140, but are used 
to process a signal from antenna 104 (FIG. 5) in either the 
first RF band (RFBl) or the second RF band (RFB2). Like re- 
ceiver circuit 140, receiver circuit 170 has a second down- 
converter consisting of an RF mixer (174 or 184, depend- 
ing on what band branch is being used) that down-mixes 
a second receive signal detected by antenna 104 to a sec- 
ond intermediate frequency signal at the same IF as the 
first intermediate frequency signal produced in receiver 
circuit 140, and quad mixers 178 and 186 that further 
down-mix the second IF signal to I and Q baseband ana- 
log signals. 

[0041] Switches 200 and 202 are coupled to the sample- 

and-hold circuits in receiver circuits 140 and 170, respec- 
tively, to switch between the I and Q outputs associated 
with the first and second analog baseband receive signals 
output by receiver circuit 140 and receiver circuit 170, re- 
spectively, for processing by an ADC. In addition, switches 



270 and 280 serve the additional function on the transmit 
side to receive as input the output of DACs that supply 
first and second analog baseband signals to be transmit- 
ted. 

[0042] On the transmit side of the radio transceiver 100 there are 
two transmit circuits 210 and 230. In transmit circuit 210, 
there are quad mixers 212 and 214 coupled to receive as 
input the I and Q data signals, respectively, that up-mix 
these signals by an intermediate frequency local oscillator 
signal to an IF. The outputs of the quad mixers 212 and 
214 are summed and coupled to the variable amplifier 
216, which in turn is coupled to an RF mixer 218. The RF 
mixer 218 upconverts the intermediate frequency signal 
to RF, in either RFBl or RFB2. Bandpass filters 222 and 
224 are coupled to the output of the mixer 218. Bandpass 
filter 222 is associated with RFBl and bandpass filter 224 
is associated with RFB2. There is a power amplifier 226 
coupled to the output of the bandpass filter 222 and a 
power amplifier 228 coupled to the output of bandpass 
filter 228. The output of power amplifier 226 is coupled to 
the input of the lowpass filter 128 (FIG. 5) and the output 
of power amplifier 228 is coupled to the input of the low- 
pass filter 130 (FIG. 5). To summarize, the first transmit 



circuit 210 has an upconverter consisting of tlie quad 
mixers 212 and 214 tliat up-mix tlie baseband I and Q 
signals representing the first transmit signal, and the RF 
mixer 218 that further up-mixes the intermediate fre- 
quency signal to produce a first RF signal that is to be 
coupled to the first antenna 102 (FIG. 5). The output of 
the RF mixer 218 is coupled to bandpass branches con- 
sisting of BPF 222 and power amplifier 226 or BPF 224 
and power amplifier 228. 

[0043] The transmit circuit 230 associated with antenna 104 has 
components 232 through 248 and mirrors transmit circuit 
210 to process a second transmit signal component. Simi- 
lar to the first transmit circuit 210, the second transmit 
circuit 230 has an upconverter consisting of quad mixers 
232 and 234 that up-mix I and Q baseband signals repre- 
senting the second transmit signal, and an RF mixer 238 
that further-up mixes the intermediate frequency signal 
to produce a second RF signal that is coupled to the sec- 
ond antenna 104 (FIG. 5) for transmission substantially si- 
multaneous with the first RF signal. 

[0044] The input signals to the transmitter circuits 210 and 230 
are supplied from DACs (not shown) to switches 270 and 
280 that alternately select between baseband I and Q sig- 



nals, which are coupled to respective sample-and-hold 
circuits 272 and 274 (in transmitter circuit 210) and sam- 
ple-and-hold circuits 282 and 284 in transmitter circuit 
230. Sample-and-hold circuits 272 and 274 are in turn 
coupled to LPFs 276 and 278, respectively, and sample- 
and-hold circuits 282 and 284 are coupled to LPFs 286 
and 288, respectively. LPFs 276 and 278 filter the base- 
band I and Q signals of the first transmit signal and sup- 
ply their output to the quad mixers 212 and 214, respec- 
tively. Likewise, the LPFs 282 and 288 filter the baseband I 
and Q signals of the second transmit signal and supply 
their output to the quad mixers 232 and 234, respec- 
tively. The number of LPFs may be reduced if the variable 
LPFs in the receiver are shared are used for receive pro- 
cessing and transmit processing. One technique for shar- 
ing the variable LPFs for transmit and receive operation is 
shown in FIGs. 13 and 14. 
[0045] Since radio transceiver 100 is a super-heterodyne device, 
RF local oscillator signals for the radio frequencies associ- 
ated with RFBl and RFB2 and IF local oscillator signals 
need to be generated. To this end, there is an IF synthe- 
sizer (IF LO synth) 250 and a voltage controlled oscillator 
(VCO) 252 (including a 90° phase component, not shown 



for simplicity) to generate in-phase and quadrature phase 
IF local oscillator signals that are coupled to the mixers 
148, 156, 178 and 186, and to mixers 212, 214, 232 and 
234. There is an RF local oscillator synthesizer (RF LO 
synth) 260 coupled to VCOs 262, 264 and 266 that supply 
different RF local oscillator signals to mixers 144, 154, 
174 and 184 on the receive side and to mixers 218 and 
238 on the transmit side. There are multiple VCOs to sup- 
ply RF signals for the multiple RF bands. For example, 
VCO 262 supplies an RF local oscillator signal (for any RF 
channel in or the center frequency) for the 2.4 GHz unli- 
censed band, VCO 264 supplies an RF local oscillator sig- 
nal (for any RF channel in or the center frequency) for the 
low 5 GHz unlicensed band, and VCO 266 supplies an RF 
local oscillator signal (for any RF channel in or the center 
frequency) for the high 5 GHz unlicensed band. 
[0046] An interface and control block 290 interfaces a clock sig- 
nal, data signals and an enable signal to/from an external 
device, such as a baseband processor and/or a control 
processor. Transceiver control signals sourced from an 
external device may be coupled to the appropriate 
transceiver components through the interface control 
block 290 or coupled to pins that are tied to the appropri- 



ate components. The transceiver control signals include, 
for example, an RF center frequency control signal, a filter 
bandwidth control signal, a transmit gain adjustment sig- 
nal, a receive gain adjustment signal and switch control 
signals. The RF center frequency control signal controls 
which RF band, and the particular RF channel in that band, 
for which the RF LO synthesizer 260 and associated VCOs 
262, 264 or 267 outputs a local oscillator signal. An ex- 
ample of a frequency synthesizer suitable for use with the 
radio transceivers described herein is disclosed in com- 
monly assigned U.S. Provisional Application No. 
60/319,518, filed September 4, 2002, and entitled "Fre- 
quency Synthesizer for Multi-Band Super-Heterodyne 
Transceiver Applications." The filter bandwidth control 
signal controls the variable bandwidth lowpass filters 150, 
158, 180 and 188 to operate in either a wideband mode 
(pass the entire frequency band or other substantial por- 
tion of it) or a narrowband mode (pass a portion, such as 
a single RF channel). The transmit gain control signals 
control the gain of the variable amplifiers 216 and 236 on 
the transmit side and the receive gain control signals con- 
trol the gain of the variable amplifiers 146 and 176 on the 
receive side. The switch control signals control the posi- 



tion of the switches 106, 108, 110, 112, 114, 116, 200 
and 202 according to the operating mode of the radio 
transceiver 100 and the frequency band of operation. 

[0047] jhe majority of the components of the radio transceiver 
100 are implemented in a semiconductor IC. The large 
dotted line indicates those components that may be in- 
cluded in the IC; however, additional components may be 
implemented in the IC. 

[0048] vVith reference to FIGs. 2 and 5, operation of the 

transceiver 100 will be described. For example, RFBl is 
the 2.4 GHz unlicensed band and RFB2 is one of the 5 
GHz unlicensed bands. It should be understood that the 
same architecture shown in FIG. 2 can be used for other 
applications, and that the 2.4/5 GHz dual band applica- 
tion is only an example. For purposes of this example, the 
IF is 902.5 IVIHz, and the frequency output by the IF LO 
synth 250 is 1805 MHz; the RF LO synthesizer outputs an 
RF local oscillator signal that ranges from 3319.5 MHz to 
4277.5 MHz. The variable lowpass filters 150, 158, 180 
and 188 are controllable to filter a variety of bandwidths 
in the RF band, for example to facilitate MIMO receive 
processing of signals detected by the antennas 102 and 
104 in 20 MHz of bandwidth up to 80 MHz or 100 MHz of 



bandwidth. Similarly, the variable lowpass filters 276, 278, 
286 and 288 are controllable to filter a variety of band- 
widths in the RF band, for example to facilitate MIMO 
transmit processing of baseband signals to be transmitted 
in 20 MHz of bandwidth up to 80 MHz or 100 MHz of 
bandwidth. Alternatively, and as described hereinafter in 
conjunction with FIGs. 13 and 14, the variable lowpass fil- 
ters 150, 158, 180 and 188 may be shared for receive 
processing and transmit processing. Generally, the radio 
transceiver 100 is operated in a half-duplex mode during 
which it does not simultaneously transmit and receive in 
either RFBl or RFB2. 

[0049] The radio transceiver 100 may also be operated in a non- 
MIMO configuration. For example, the output of only one 
receive path may be used with the appropriate variable 
lowpass filter set to sample any portion or all of the de- 
sired RF band for obtaining data to analyzing some or all 
of the spectrum of that RF band. 

[0050] The T/R switches and band select switches in the RF 

front-end section 105 (FIG. 5) are controlled according to 
whether the radio transceiver is transmitting or receiving, 
and in which RF band it is operating. 

[0051] For example, when the radio transceiver 100 is receiving 



in RFBl, switches 106 and 108 are moved to their top po- 
sitions to select the receive side of the transceiver 100. 
The RF LO synthesizer 260 is controlled to output RF local 
oscillator signals that will downconvert a particular 
(sub-band) from RFBl. Switches 110 and 112 are moved 
to their top positions to select bandpass filters 120 and 
124 (associated with RFBl) and corresponding branches of 
the receiver circuits 140 and 170. Filter 120 bandpass fil- 
ters the signal detected by antenna 102 and filter 124 
bandpass filters the signal detected by antenna 104. The 
lowpass filters 150, 158, 180 and 188 are controlled to 
operate in the desired bandwidth. The two signals de- 
tected by antennas 102 and 104 may be spatially diverse 
signal components of the same transmit signal. The signal 
from antenna 102 is downconverted to IF by mixer 144, 
filtered by the IF filter 145, then downconverted to base- 
band I and Q signals by quad mixers 148 and 156 and fil- 
tered by lowpass filters 150 and 158. Each I and Q signal 
derived from this signal is sample-and-held and alter- 
nately selected for output to an ADC by switch 200. The 
receiver circuit 170 performs a similar operation for the 
signal detected by antenna 104. 
[0052] The radio transceiver 100 performs MIMO transmit opera- 



tion in a similar manner. The LPFs 276, 278, 286 and 288 
in tlie transmitter (or tlie sliared LPFs of tlie receiver) are 
controlled to filter the desired bandwidth. In addition, the 
RF LO synth 260 is controlled to output an RF local oscil- 
lator signal according to which frequency band the signals 
are to be transmitted. Assuming a signal is to be trans- 
mitted on a channel in RFB2, the switches 106 and 108 
are moved to their bottom positions, selecting the trans- 
mit side of the radio transceiver 100. The switches 114 
and 116 are moved to their bottom positions, selecting 
the branch of transmit circuits 210 and 230 associated 
with RFB2. The analog baseband signal to be transmitted 
consists of first and second signal components, to be 
transmitted simultaneously by the respective antennas 
102 and 104. The appropriate RF local oscillator signal is 
output to the mixers 218 and 238. The I and Q signals of 
a first transmit signal component are upconverted to IF by 
quad mixers 212 and 214. The variable amplifier 216 ad- 
justs the gain of the resulting IF signal, and the mixer 218 
upconverts the IF signal to RF. The filter 224 bandpass fil- 
ters the RF signal output by the mixer 218 and the power 
amplifier 228 amplifies the output of the bandpass filter 
224. Lowpass filter 130 filters the harmonics of the output 



of the power amplifier 228, and the resulting output is 
coupled to the antenna 102 via switches 114 and 106. A 
similar operation occurs for the I and Q signals of the sec- 
ond transmit signal component. The bandpass filter 246 
filters the RF signal and the power amplifier 248 amplifies 
the filtered signal, which is then coupled to the lowpass 
filter 134. The resulting filtered signal is coupled to an- 
tenna 104 via switches 116 and 108. 
[0053] FIG. 3 shows a radio transceiver 100' that is similar to ra- 
dio transceiver 100 except that it employs a variable or 
walking IF architecture, rather than a super-heterodyne 
architecture. Particularly, in the receiver circuits of the ra- 
dio transceiver 100", the received RF signal is downmixed 
to an intermediate frequency that depends on the RF local 
oscillator signal, and an IF filter is not needed or is op- 
tional. A similar principle applies for the transmit circuits. 
Therefore, the RF local oscillator signal output of the RF 
LO synthesizer 260 is coupled to a divide- by- four circuit 
265 which in turn supplies an IF local oscillator signal to 
mixers 148 and 156 in receiver circuit 140, mixers 178 
and 186 in receiver circuit 170, mixers 212 and 214 in the 
transmit circuit 210 and mixers 232 and 234 in the trans- 
mit circuit 230. The divide-by-four circuit 265 generates 



the IF local oscillator signal based on the RF local oscilla- 
tor signal supplied by the RF LO synthesizer 260. No IF 
filters are needed and only a single synthesizer (for the RF 
local oscillator signal) is required. Otherwise, the opera- 
tion of the radio transceiver 100' is similar to that of radio 
transceiver 100. 
[0054] The radio transceivers of FIGs. 2 and 3 have certain ad- 
vantages that make them suitable for highly integrated 
and low cost implementations. First, the super-het- 
erodyne architecture of FIG. 2 and the walking IF architec- 
ture of FIG. 3 allow for integrating the power amplifiers in 
the transmitter of the radio transceiver IC. This is because 
the power amplifier output frequency falls significantly 
outside the VCO turning range, thereby avoiding injection 
locking of the VCO. This is not as easily possible in other 
architectures, such as the direct conversion architecture 
shown in FIG. 4. Second, the walking IF transceiver of FIG. 
3 does not require an IF filter which reduces the bill of 
materials cost of the radio transceiver. Even the super- 
heterodyne design of FIG. 2 can be implemented without 
an IF filter under certain design parameters. The design of 
FIG. 3 has both the advantage of more easily integrating 
the power amplifiers as well as not requiring an IF filter. 



Therefore, the radio transceiver design of FIG. 3 may be 
desirable where cost, integration and IC size are impor- 
tant. 

[0055] Referring now to FIG. 4, a direct-conversion radio 
transceiver architecture 300 is described. Lil<e radio 
transceiver 100, radio transceiver 300 has multiple re- 
ceiver circuits 310 and 340 in the receiver and multiple 
transmit circuits 370 and 400 in the transmitter. The re- 
ceiver circuits are identical and the transmit circuits are 
identical. In the receiver circuit 310, there are two ampli- 
fiers 312 and 314 both coupled to a switch 316. Amplifier 
312 receives a bandpass filtered signal in frequency band 
RFBl from a bandpass filter in the RF front end section 
105 (FIG. 2), and similarly amplifier 314 receives a band- 
pass filtered signal in frequency band RFB2. The output of 
the switch 316 is coupled to a variable amplifier 318 to 
adjust the gain of the signal supplied to its input. The 
output of the variable amplifier 318 is coupled to mixers 
320 and 322 that down-mix the amplified receive signal 
by IF local oscillator signals to produce I and Q signals. 
The output of mixer 320 is coupled to a lowpass filter 
324, and the output of mixer 322 is coupled to a lowpass 
filter 326. The lowpass filters 324 and 326 are, for exam- 



pie, third order lowpass filters that may be located off- 
chip from the remainder of the transceiver components 
for better linearity. The outputs of lowpass filters 324 and 
326 are coupled to variable lowpass filters 328 and 330, 
respectively. Variable lowpass filters 328 and 330 can be 
controlled to vary their cut-off frequency so as to select 
either a narrowband (e.g., 10 MHz) or a wideband (e.g., 40 
MHz). The variable lowpass filters 328 and 330 are cou- 
pled to sample-and-hold circuits 332 and 334, respec- 
tively. The output of the sample-and-hold circuits 332 
and 334 are baseband I and Q signals representing the 
signal detected by antenna 102. A switch 336 is con- 
trolled to alternately select between the baseband I and Q 
signals for coupling to a single ADC, saving the cost of a 
second ADC. 

[0056] Receiver circuit 340 has components 342 through 366 

which are the same as the components in receiver circuit 
310. Receiver circuits 310 and 340 perform a direct- 
conversion or zero-intermediate frequency downconver- 
sion of the detected RF signals to baseband. To summa- 
rize, the first receiver circuit 310 has a first downcon- 
verter comprising quad mixers 320 and 322 that down- 
mix a first receive signal detected by antenna 102 directly 



to baseband I and Q signals. Likewise, the second receiver 
circuit 340 lias a second downconverter comprising quad 
mixers 350 and 352 that down-mix a second receive sig- 
nal detected by antenna 104 directly to baseband I and Q 
signals. 

[0057] It vvill be appreciated by those with ordinary skill in the art 
that in the receiver circuits 310 and 340, quad mixers 320 
and 322, and quad mixers 350 and 352 may be broad- 
band mixers capable of covering both RFBl and RFB2, or 
alternatively separate quad mixers may be provided for 
each RF band. 

[0058] On the transmit side, transmit circuit 370 comprises first 
and second sample-and-hold circuits 372 and 374 that 
receive I and Q data signals for a first transmit signal from 
switch 371. The outputs of the sample-and-hold circuits 
372 and 374 are coupled to the variable lowpass filters 
376 and 378. The outputs of the lowpass filters 376 and 
378 are coupled to quad mixers 380 and 382, respec- 
tively. The quad mixers 380 and 382 up-mix the filtered I 
and Q signals output by the lowpass filters 376 and 378 
to output RF I and Q signals which are combined and cou- 
pled to a variable amplifier 384. The variable amplifier 
384 adjusts the gain of the first RF signal and supplies 



this signal to bandpass filters 386 and 388, associated 
with RFBl and RFB2, respectively. The outputs of band- 
pass filters 386 and 388 are coupled to power amplifiers 
394 and 396. Power amplifiers 390 and 392 amplify the 
RF signals for frequency bands RFBl and RFB2 which are 
coupled to the RF front end 105. 

[0059] Transmit circuit 400 has components 402 through 422 

that are the same as those in transmit circuit 370. The in- 
put to transmit circuit 400 consists of I and Q signals for a 
second transmit signal alternately supplied by switch 401. 
Thus, to summarize, the first transmit circuit 370 com- 
prises an upconverter consisting of quad mixers 380 and 
382 that directly up-mix baseband I and Q signals to RF I 
and Q signals that are combined to form a first RF signal. 
The second transmit circuit 400 comprises an upconverter 
consisting of quad mixers 410 and 412 that directly up- 
mix baseband I and Q signals to RF I and Q signals that 
are combined to form a second RF signal. The variable 
lowpass filters in the receiver may be shared for transmit 
processing to remove the need for the variable lowpass 
filters in the transmitter. 

[0060] A dual modulus phase-lock loop (PLL) 430, VCOs 432, 
434 and 436, a squaring block 438 and a 90° phase 



shifter 440 may be provided to supply the appropriate in- 
phase and quadrature RF local oscillator signals to the 
mixers 320 and 322, respectively, in receiver circuit 310; 
mixers 350 and 352 in receiver circuit 370; mixers 380 
and 382, respectively, in transmit circuit 370; and mixers 
410 and 412, respectively, in transmit circuit 400. The 
dual modulus PLL 430 is a standard component for gener- 
ating high frequency signals. The squaring block 438 acts 
as a frequency doubler, reducing pull of the VCO by the 
power amplifiers. For example, in order to provide RF 
mixing signals for the 2.4 GHz unlicensed band and the 
high and low 5GHz unlicensed band, the VCO 432 pro- 
duces an RF signal in the range 1200 through 1240 MHz, 
VCO 434 produces an RF signal in the range 2575 through 
2675 MHz, and VCO 436 produces an RF signal in the 
range 2862 through 2912 MHz. 
[0061] Like radio transceiver 100, there are control signals that 
are coupled to the appropriate components to control the 
operation. Radio transceiver 300 has the same modes of 
operation as radio transceiver 100. and 100' There are fil- 
ter bandwidth control signals to control the variable low- 
pass filterss in the receiver or transmitter epending on the 
bandwidth of operation of the transceiver 300. There are 



receive gain control signals to control the variable ampli- 
fiers 318 and 348. There are switch control signals to 
control the various switches in the radio transceiver 300 
and front-end section, depending on whether it is in the 
receive mode or transmit mode, and depending on which 
band, RFBl or RFB2, the transceiver is operating in. There 
are RF center frequency control signals to control the 
dual-modulus PLL 410 and VCOs 412-416 depending on 
which RF band and RF channel in that band the transceiver 
is operating in. There are transmit gain control signals to 
control the variable amplifiers 384 and 414 in the trans- 
mit circuits. 

[0062] It should be understood that although the filter bandwidth 
control signals shown in FIGs. 2-4 are shown only coupled 
to the receiver circuits, these signals may also be coupled 
to the transmitter circuits to control the variable lowpass 
filters in the transmitter circuits, if the filter sharing tech- 
niques referred to herein are not employed. 

[0063] FIGs. 6-10 illustrate alternative front-end sections. In FIG. 
6, the front-end 500 section comprises many of the same 
components as front-end section 105, albeit in a slightly 
different configuration. The LPFs 128, 130, 132 and 134 
may be integrated on the radio transceiver IC or incorpo- 



rated in the radio front-end 500. Instead of switclies 106 
and 108, diplexers 502 and 504 are used for band selec- 
tion from the antennas 102 and 104. As known in the art, 
a diplexer is a 3-port device that has one common port 
and two other ports, one for high frequency signals and 
one for lower frequency signals. Thus, the diplexers 106 
and 108 serve as band select switches. In the example of 
FIG. 6, the two bands that are supported are the 2.4 GHz 
band and the 5.25 GHz band. Switches 110, 112, 114 and 
116 are transmit/receive switches that select the appro- 
priate signals depending on whether the radio transceiver 
is transmitting or receiving. For example, when the radio 
transceiver is transmitting a signal in the 2.4 GHz band 
through antennas 102 and 104, the diplexer 502 receives 
the first 2.4 GHz transmit signal from switch 110 and 
couples it to the antenna 102, and the diplexer 504 re- 
ceives the second 2.4 GHz transmit signal from switch 
114 and couples it to antenna 104. All the other switch 
positions are essentially irrelevant. Likewise, when receiv- 
ing a signal in the 5.25 GHz band, diplexer 502 couples 
the first 5.25 GHz receive signal from antenna 102 to 
switch 112 and diplexer 504 couples the second 5.25 GHz 
receive signal from antenna 104 to switch 116. Switch 112 



selects the output of the diplexer 502 and switch 116 se- 
lects the output of the diplexer 504. 

[0064] As is known in the art, the radio transceiver is coupled to 
a baseband processor that may be a separate integrated 
circuit as shown by the baseband integrated circuit (BBIC) 
510 in FIGs. 6and 7. 

[0065] FIG. 7 illustrates a front-end section 500' that is similar to 
front-end section 500 except that the transmit/receive 
switches are effectively integrated on the radio transceiver 
IC. Many techniques are known to integrate switches simi- 
lar to the transmit/receive switches on the radio 
transceiver IC. When the transmit/receive switches are in- 
tegrated on the radio transceiver IC, for each antenna, a 
quarter-wave element 515 is provided in the radio front- 
end 500"'at each band branch off of the diplexer for each 
antenna. FIG. 8 shows this configuration for one antenna 
102 only as an example, but it is repeated for each an- 
tenna. When a signal is being transmitted, the transmit/re- 
ceive switch is switched to the terminal that is connected 
to ground so that the signal output by the corresponding 
power amplifier (PA) of the transmitter is selected and 
coupled to the diplexer, and when a signal is received, it 
is switched to the other terminal so that the receive signal 



passes through the quarter-wave element 525, the trans- 
mit/receive switch and passes to the LNA in the receiver. 
The quarter-wave element 515 may be any quarter-wave 
transmission line. One example of an implementation of 
the quarter-wave element 515 is a microstrip structure 
disposed on a printed circuit board. The quarter- 
wavelength characteristic of the quarter-wave element 
515 creates a phase shift that acts as an impedance 
transformer, either shorting the connection between the 
bandpass filter and ground, or creating an open circuit, 
depending on the position of the switch. 

[0066] The radio transceiver IC and front-end configurations 
shown in FIGs. 6 and 7 are useful for network interface 
cards (NICs) to serve as an 802. llx WLAN station. 

[0067] FIG. 9 illustrates a front-end section 600 that interfaces 
with two radio transceiver ICs to provide a 4 path MIMO 
radio transceiver device. One example of a use for this 
type of configuration is in an access point (AP) for a 
WLAN. Whereas the radio transceiver configurations de- 
scribed up to this point were for 2-path MIMO operation, 
4-path MIMO operation provides even greater link margin 
with other devices when used in connection with the max- 
imal ratio combining schemes referred to above. 



[0068] The front-end section 600 interfaces two radio transceiver 
ICS to eiglit antennas 602 througli 616. A BBIC 660 is 
coupled to the two radio transceiver ICs that operate in 
tandem to transmit 4 weighted components of a single 
signal or to receive 4 components of a single received sig- 
nal. Antennas 602, 606, 610 and 614 are dedicated to one 
frequency band, such as the 2.4 GHz band and antennas 
604, 608, 612 and 616 are dedicated to another fre- 
quency band, such as a 5 GHz band. In the front-end sec- 
tion 600, there are transmit/receive switches eight 620 
through 634 each associated with one of the antennas 
602 through 616 respectively. There are also eight band- 
pass filters 640 through 654 coupled to respective ones 
of the transmit/receive switches 620 through 654. The 
transmit/receive switches 620 through 634 could be inte- 
grated on the respective radio transceiver ICs instead of 
being part of the front-end section 600. Though not 
specifically shown, the LPFs are also integrated on the ra- 
dio transceiver ICs. Operation of the front-end section 
600 is similar to what has been described above. The 
transmit/receive switches 620 through 654 are controlled 
to select the appropriate signals depending on whether 
the radio transceiver ICs are operating in a transmit mode 



or a receive mode. 

[0069] FIG. 10 illustrates a front-end section 600' that is similar 
to front-end section 600 but excludes the transmit/re- 
ceive switches. Moreover, the radio transceiver 670 is a 
single IC that integrates 4-paths (what is otherwise in- 
cluded on two radio transceiver ICs as shown in FIG. 9). 
The transmit/receive switches are integrated on the radio 
transceiver IC 670. The operation of the front-end section 
600' is similar to that of front-end section 600. FIG. 10 il- 
lustrate the ability to scale the number of MIMO paths to 
3, 4 or more separate paths. 

[0070] FIGs. 9 and 10 also illustrate the radio transceivers 100, 
100' and 300 deployed in multiple instances to support 
multiple channel capability in a communication device, 
such as an AP. For example, as shown in FIG. 9, one radio 
transceiver, such as an access point, could perform 
2-path MIMO communication with devices on a channel 
while the other radio transceiver would perform 2-path 
MIMO communication with devices on another channel. 
Instead of interfacing to one baseband IC, each would in- 
terface to a separate baseband IC or a single baseband IC 
capable of dual channel simultaneous operation. 

[0071] FIGs. 11 and 12 show a configuration whereby the number 



of DACs and ADCs that are coupled to the radio 
transceiver can be reduced. Normally, a separate DAC or 
ADC would be required for every signal that requires pro- 
cessing. However, in a half-duplex radio transceiver, since 
transmit and receive operations are not concurrent, there 
is opportunity for sharing DACs and ADCs. For example, 
FIG. 11 shows a configuration comprising two ADCs 710 
and 720 and three DACs 730, 740 and 750. ADC 720 and 
DAC 730 are shared. Switch 760 selects input to the ADC 
720 and switch 770 selects the output of the DAC 730. A 
digital multiplexer (MUX) 780 is coupled to the ADC 720 
to route the output therefrom, and to the DAC 730 to co- 
ordinate input thereto. The ADCs, DACs and digital MUX 
780 may reside on a separate integrated circuit from the 
radio transceiver integrated circuit. For example, these 
components may reside on the baseband integrated cir- 
cuit where a baseband demodulator 790 and a baseband 
modulator 795 reside. 
[0072] The number of ADCs is reduced by using a single ADC 
720 to digitize both the received Q signal and the trans- 
mit power level signal. Similarly, the number of DACs is 
reduced by sharing a single DAC 730 to convert both the 
transmit I signal and the receiver gain control signal. The 



digital IVlUX 780 selects the signal (either the transmit I 
signal or the receiver gain control signal) that is supplied 
as input to the shared DAC 730. Similarly, the signal that 
is output by the shared ADC 720 (digital received Q signal 
or the digital transmit power level signal) is routed to the 
appropriate destination by the digital MUX 780. 
[0073] As described above, one way to facilitate sharing of the 
ADC and the DAC is to provide switches 760 and 770. 
These switches may reside on the radio transceiver IC. An 
output terminal of switch 760 is coupled to the shared 
ADC 720, one input terminal is coupled to the LPF at the 
output of the local oscillator that generates the received Q 
signal and the other input terminal is coupled to the out- 
put of the power detector that generates the transmit 
power level signal. Switch 760 is controlled to select one 
of two positions, depending on whether the ADC is to be 
used for the received Q signal or the transmit power level 
signal. Likewise, an input terminal of switch 770 is cou- 
pled to the shared DAC 730, one output terminal is cou- 
pled to the variable power amplifier in the receiver and the 
other output terminal is coupled to the LPF that supplies a 
transmit I signal to the in-phase local mixer in the trans- 
mitter. Switch 770 is controlled to select one of two posi- 



tions, depending on whether the shared DAC is to be used 
for the receiver gain control signal or the transmit I signal. 
The configuration shown in FIG. 11 can be repeated for 
each receive path/transmit path pair in the transceiver. 
[0074] It should be understood that the switches 760 and 770 
are optional. As shown in FIG. 12, they may be replaced 
with common signal paths if the radio transceiver IG is a 
half-duplex transceiver, meaning that the receiver and 
transmitter are not operational at the same time. There- 
fore, the shared DAC 730, for example, will convert 
whichever digital signal is supplied to it (the transmit I 
signal or the receiver gain control signal, depending on 
whether the transceiver is in receive mode or transmit 
mode), and the DAG 730 will output the analog version of 
that signal on both paths. If the transmit I signal is se- 
lected for processing by the shared DAG 730, the receiver 
will be off, so coupling a analog version of the transmit I 
signal to the variable power amplifier in the receive chan- 
nel will have no effect, but it also will be coupled to the 
in-phase local oscillator in the transmitter, which is de- 
sired. A similar situation holds true if the switch for the 
shared ADG 720 is replaced with a common signal path 
configuration. 



[0075] A single ADC and a single DAC can be shared among sig- 
nals from the transmitter and receiver (since in a half- 
duplex transceiver, the transmitter and receiver are gen- 
erally not operational at the same time). The signals that 
are identified above are only examples of the transmitter 
and receiver signals that may be multiplexed to a single 
ADC or single DAC. 

[0076] FICs. 13 and 14 illustrate configurations that allow for 
sharing of the LPFs used to filter the baseband receive 
signals and baseband transmit signals in the radio 
transceivers of FIGs. 2-4. As an example, a single antenna 
path of the direct conversion radio transceiver 300 is se- 
lected to illustrate the filter sharing technique. Some in- 
termediate components, such as variable amplifiers and 
sample-and-hold circuits, are not shown for simplicity. 
LPFs 328 and 330 are shared to both filter the received I 
and Q signals (RX I and RX Q) associated with an antenna, 
such as antenna 102, and filter the baseband transmit I 
and Q signals (TX I and TX Q) to be transmitted. The 
switches 710 and 720 each have two input terminals and 
an output terminal coupled to the input of the LPFs 328 
and 330, respectively. Coupled to the input terminals of 
the switch 710 are the receive I signal output by the quad 



mixer 320 and the baseband transmit I signal. Similarly, 
coupled to the input terminals of the switch 720 are the 
receive Q signal output by the quad mixer 322 and the 
baseband transmit Q signal. A transmit/receive control 
signal is coupled to the switches 710 and 720 to cause 
the switches to select either their terminals to which the 
receive I and Q signals are connected or the terminals to 
which the transmit I and Q signals are connected. In FIG. 
13, it is assumed that the output impedance at each filter 
is low and each load impedance is high (typical in most 
analog ICs) so that the output of each filter can be 
summed. Therefore, only a single multiplexer is needed at 
the input to the filters. The configuration of FIG. 14 is 
similar to FIG. 15, except that additional switches 730 and 
740 are provided in case the impedances are not as de- 
scribed above. 

[0077] In sum, a multiple-input multiple-output (MIMO) radio 

transceiver is provided comprising a receiver and a trans- 
mitter. The receiver comprises at least first and second 
receiver circuits each to process a signal from a corre- 
sponding one of first and second antennas. The first re- 
ceiver circuit comprises a first downconverter coupled to 
the first antenna to downconvert a first receive signal de- 



tected by the first antenna to produce a first baseband 
signal; and a first lowpass filter coupled to the first down- 
converter that lowpass filters the first baseband signal. 
The second receiver circuit comprises a second downcon- 
verter coupled to the second antenna to downconvert a 
second receive signal detected by the second antenna to 
produce a second baseband signal; and a second lowpass 
filter coupled to the second downconverter that lowpass 
filters the second baseband signal. The transmitter com- 
prises at least first and second transmitter circuits each of 
which processes a signal to be transmitted by a corre- 
sponding one of the first and second antennas. The first 
transmitter circuit comprising a first upconverter that up- 
converts a first baseband analog signal to generate a first 
RF frequency signal; a first bandpass filter coupled to the 
output of the first upconverter that filters the first RF fre- 
quency signal; and a first power amplifier coupled to the 
output of the bandpass filter that amplifies the filtered RF 
frequency signal to produce a first amplified signal that is 
coupled to the first antenna for transmission. Similarly, 
the second transmitter circuit comprises a second upcon- 
verter that upconverts a second baseband analog signal to 
generate a second RF frequency signal; a second band- 



pass filter coupled to the output of the second upcon- 
verter that filters the second RF frequency signal; and a 
second power amplifier coupled to the output of the sec- 
ond bandpass filter that amplifies the second filtered RF 
frequency signal to produce a second amplified signal that 
is coupled to the second antenna for transmission. 
[0078] Similarly, a multiple-input multiple-output (MIMO) radio 
transceiver is provided comprising a receiver comprising 
at least first and second receiver circuits each to process a 
signal from a corresponding one of first and second an- 
tennas, and a transmitter. The first receiver circuit com- 
prises a first downconverter coupled to the first antenna 
to downconvert a first receive signal detected by the first 
antenna to produce a first in-phase baseband signal and a 
first quadrature-phase baseband signal; and first and 
second lowpass filters coupled to the first downconverter 
that lowpass filter the first in-phase baseband signal and 
the first quadrature phase baseband signal, respectively. 
The second receiver circuit comprises a second downcon- 
verter coupled to the second antenna to downconvert a 
second receive signal detected by the second antenna to 
produce a second in-phase baseband signal and a second 
quadrature-phase baseband signal; and third and fourth 



lowpass filters coupled to the second downconverter that 
lowpass filter the second in-phase baseband signal and 
the second quadrature-phase baseband signal. The trans- 
mitter comprises at least first and second transmitter cir- 
cuits each of which processes a signal to be transmitted 
by a corresponding one of the first and second antennas. 
The first transmitter circuit comprises a first upconverter 
that upconverts a first in-phase baseband analog signal 
and a first quadrature-phase baseband analog signal to 
generate a first RF frequency signal; a first bandpass filter 
coupled to the output of the first upconverter that filters 
the first RF frequency signal; and a first power amplifier 
coupled to the output of the first bandpass filter that am- 
plifies the first filtered RF frequency signal to produce a 
first amplified signal that is coupled to the first antenna 
for transmission. The second transmitter circuit comprises 
a second upconverter that upconverts a second in-phase 
baseband analog signal and a second quadrature-phase 
baseband analog signal to generate a second RF fre- 
quency signal; a second bandpass filter coupled to the 
output of the second upconverter that filters the second 
RF frequency signal; and a second power amplifier cou- 
pled to the output of the second bandpass filter that am- 



plifies the second filtered RF frequency signal to produce 
a second amplified signal that is coupled to the second 
antenna for transmission. 

[0079] While the foregoing description has referred to a MIMO 

radio transceiver with two antennas, and thus two receiver 
circuits and two transmitter circuits, it should be under- 
stood that the same concepts described herein may be 
extended in general to a radio transceiver with N trans- 
mitter circuits and N transmitter circuits for operation 
with N antennas. 

[0080] The above description is intended by way of example only. 



